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TECHNICAL NOTE NO. 1359

EXPERTMENTAL VERIFICATION OF THE RUDLER-FREE STABILITY
THEORY FOR AN ATRPLANE MOTEL EQUIPPED WITH A RUDIER
HAVING POSTTIVE FLOATING TENTENCTES AND
VARTOUS AMOUNTS OF FRICTION

By Bernard Maggin
SUMMARY

An investigation has Dsen made in the Langley free-flight
tunnel to obtain an experimental verification of the theoretical
rudder-free dynamic stability characteristics of an airplane model
equipped with & rudder having poslitive floating tendencies and
various amounts of friction in the rudder system. The model
was tested mounted on a yew stand that allowed freedom only in
yaw, and a few tests were made in free flight. Tests were made
with varying amcunts of rudder aerodynamic balance. Most of the
stability derivatives required for the theoretical calculations
were determined from force and free-oscillation tests of the
model. The investigation was limited to the low relative-density

range .

The results of the tests and calculations indicated that,
with negligible friction in the rudder.control system, the
general rudder-free stability theory. adequately predicts the
period end gualitatively predicts the damping of the rudder-free
oscillations for the normel range of ‘alrplane and rudder parameters.
If the genersl theory is simplified by neglecting rolling, lateral
~ displacement of the center of gravity, and rudder moment of inertis,
- the theory still adequately predicts the period and quantitatively
predicts lower values of the damping of the rudder-free lateral
osclillatione. The investigation showed that, with frictlion in the
rudder system, a constant-amplitude oscillation exists for a rangs
of combinstions of positive floating-moment and negative restoring-
moment perameters. A simplified theory approximating solid friction
by an equivelent viscous friction predicts the characteristics of
the rudder-free lateral stabllity for values of friction hinge-moment
coefficient in the rudder system encountered with present~dsy
alrplanes.
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Dynemic insta'bili'by in the rudder—f:me cohdition has been
sxperienced by gomé @irplanss. COther airplones heve performed
a rudder-free osclllation cealled "ensking," in which the airplane
yaw and rudder motions are so coupled as to maintain a constant-
amplitude yawlng oscillation. These phencuene have been the
subject of verious theoretlcal investigations, amnd the factors
affecting the rudder-free stability have been explored and
defined in the theoretical anslyses of references 1 to 3.

In order to obtaln an experimentél check of the verious rudder-
free thearies, & series of tesbs hos been conducted with a

%—- scule alrplans model in gliding flight In the Langley freo-~

flight tunnel. The first part-of thie investigetion dealt with
the. experimentel results of tests made to determine the rudder-
free dynamic stability characteristics of en airplane model.
equipped with rudders having negative floating tendencies gnd
negligivle friction. (Sec roference 3.) The resulbts of the .
second part of this investiga:blon, p.tesented herein, deal with
the rudder-free dynemic ebability of the modol equipped with _
a rulder having positive floating tundencies, negativo restoring-
tendencies, and varying amovnts of friction in the rudder systom.
For -convenlence en all-movable verticel tall wes used to ob‘ba:,p
positive floating tendencies, but the results are a.pplicabla to
a:oy rudder having the range of paremeters consildered.

The model was teatod both in freo flight end mounted on a
yaw sband that ellowed Trecdon only in yaw in order to determing
experimentally the differences cevscd by ueglect of the rolling
and lesteoral motions of an elrplane with rudder free.

In order thet the rosulta ohtained,--by theory and expcriment
.might be correlated for tho conditiones without friction in the
rudder system, calculations wore medo by equetions involving
four degrees of freedom and by equationg involving fewer degrees
of fresdom and ncglécting verious airplene ané yudder parometers.
(3ec reference 3.) For conditions with friction in the rudder
gystenm, celculations wore made by a simplified theovy apm ox:!.mating
s0lid friction by en equivelent viscous friction. (Sce roference 2‘.)
Vexrious force, hinge-moment, wnd free-oscillation tests were made
in order to determine some of the sta‘bility derivauivee for the
rud.der-f'ree stability" éalculations.
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. SYIMBOLS

welght of model, pounds

free-stream alrspeed, fect per second

wing area, square feet

wing spen, feet

wing chord, feet

vertical-tail (rudder) area, squere feet

span of vertical tail (rudder), feet

mass of model, slugs |

mess of verticel teil (rudder), slugs _

radius of gyration of model sbout longitudinal (X) axis, feet
radius of gyration of model sbout vertical (Z) axis, feet

radius of gyration of vertical tail (rudder) about hinge
axls, feet

distance from center of gravity of vertical-tail (rudder)
system to hinge axis, feetj positive when center
of gravity 1ls back of hings

moment of inertia of vertical tail (rudder) about hinge:
line, slugs per sguere foot

distence from model center of gravity to vertical tail
(rudder) hinge line, feet

period of oscillations, seconds

time required for motions to decrease to one-half amplitude,
seconds : t

time, seconds
dynamic pressure, pounds per squere foot (lépva
mass density of air, slugs per cubié foot

model relative-density factor (m/pSb)
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verticel-tall (rudder) relative-density factor
(1 /oty Ty )

root-mean-squere chord .of vertical tail (ruddef), feet
angle of gideslip, radians unless otherwlse stated
engle of yaw, radiens unless.otherwice stated

rudder anguler deflection, radiens unless otherwise
gtated

- 1ift coefficlent— (liiﬁ)

qQ

qS

Rolling mgmenf>
gsSb

lateral-force coefficient Laxeral Iorci)

rolling-moment coefficlenb

' yawinaﬂmament coefficient (fgming mﬂmﬂ?f)

o qgb
ninge-moment coefflctent kw)
qbvcv

friction-hinge -moment coefficient (ZFriction hinge mamsni)

qbyEv2

" rate of change of lateral-force coefficient with angle

of sideslip - (JCy/OB)

rate of change uf rolling-moment coefflcient with angle
of sideslip . (dCq /3B)

rolling angular veloclity, radians,ﬁer second

'yawing anguler velocity, radians per second

rate of changs of rollingimoment coefficient with rolling
angﬂlar—veloczty—facto” (aCz/é:m’)

rate of change of rolling-moment coefficient with yawlng
engular-velocity factor (QC?/agv)
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Cnﬁ ' rate of change of yawing-moment coefficient with angle
of sideslip (3C,/0B)

Cna rate of change of yawlng-moment coefficlient with rudder
engular deflection (3€,/36)

Cnp rate of change of yawiﬁg-momsnt coefficient with rolling
angular-velocity Factor (?Ch/ég%)

Cnr rate of change of yawlng-moment coefficlent with yawing
angular-velocity factor (ch/é;v)

Chy rate of change of rudder hinge-moment coefficient with

A angle of yaw (Bcﬂfamﬂ, floating-moment parameter

chr rate of chango of ruddsr hinge-moment coefficlent with
yawing angular-velocity factor (?Cq/éé%)

Cy rate of change of rudder hinge-moment coeffiecient with

% rudder engular deflection (Bch/BS), restoring-noment

parencter

Chps rate of change of rudder hinge-mcment coeggicient with
rudder angular-velocity factor BCh/%\:~——

W amplitude of yaw oscillaticn, degrees

) amplitude of rudder oscillation, degrees

R Routh's discriminsnt; bounéary for zero damping of

the lateral oscillation
APPARATUS )

The tests were made in the Lengley free-flight tunnel, a
complete description of which is given in reference 4. The

model used in the testa was a modified l-scale nodel of a

Fairchild XRZK-l ailrplane. Pigure 1 iz a three-view drawing
of the model. The mass, dimensional, and asrodynamic character-
istics of the model are presented in table I.

The vertical tail (in this case, the rudder) of the model was
a straight-taper all=-movable surface with an adjustable hinge line.
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Variation of the rudder hinge line ellowed for adjustment of the
rudder floasting-moment pecrameter Ch\y and the rudder restoring-

moment perameter Cpg. In eddition Chs was adjusted by a special

spring attachment. Flgure 2 is & sketch showing this special
spring attachment, the rudder-fréeéing system, and the friction
gystem. ‘The magnitude of the frichion moment in the rudder system
was ‘determined by a torgue meter which reglstered the torque
regqulred to maintain a gteady rotaticn of the rudder post and
pulley.

A photograph of the model ingtelled on the yaw stand used
in the tests lg shown ag Tiguve 3. The stand was fixed to the
tvnnel floor and allowed the model complete freedom in ya.w but
restrained i1t from rolling and sidewise displacement.

TESTS

Tests were mede to determine the period and demping of the
rudder-free lateral oscillation c:f the model in frse flight and
mounted -on the yaw stand.

Free-fligh‘b tosts of the model were made for the conditions
for which data are presented under the "Flight” columns of
tables IT and ITI. These tests were mads by flring the model in
the tunnel_and by photographing the rudder-free leterel oscllletions
ag deschibed 1n reference 3. The flight-test program was not
more extensive because of the difficulty of obtaiming film records
of sufficient length during the uncontrolled part of the flight
to determine accurately the period and damping of the lateral
oscillation.

The yaw-gtand tests of the model were made as described in
reference 3, for conditions fér which data are presented under
the "Stand" columns of tables II and III. Thege tests were
made under conditions reproducing those considered in the
analytical treabtment of reference 2. :

The stability derivetives used in the calculations were
‘obtained by the metheds desgcribed in reference 3.
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SCOPE AND METHODS OF CALCULATIONS

By use of the coefficients given in teble I, celculatlions were
made of the damping and period of the rudder-free lateral oscillatioms
of the model without friction in the rudder system for the range of
rudder paremebers indicabted in teble II. These calculatlions were mede
by equsations that provided four degrees of freedcm &as well as the
fewsr degrees of freedom which resulted from the neglect of rolling -
or from the neglect of rolling and sidewise displacement of the center
of gravity as described, '

Calculations were also made of the period and amplitudes of the
rudder-free laterel oscillation of the model snd of the rudder with
friction 1n the ruddsr system for the range of rudder parameters
indicated in table ITI. Theee calculaetions were made by a simplified
theory approximeting solld friction by an equivalent viascous friction
proposed in reference 2.

RESULTS AND DISCUSSION

.. The results of the tests and celculaetions of the alrplans and
rudder motlons are presented In tables II and ITI. Table II gives
the periocd and reciprocal. of the time to demp to one-half amplitude
for the conditions investigated without friction; teble III gives
the period and amplitudes of the alrplene end. rudder motions for the
conditions Investigated with friction,

The reciprocel of the time to damp to cne-helf amplitude was vsed
to evaluste the damping because this value 1s a direct rather than an’
inverse measure of the degree of stability. Correlations of the
calculated end experimental results are presented in figures 4 to 8.

Rudder-Free 5tabllity without Friction

Calculationgs and tests.- The stebillby calculations made by use
of the general theory indicats that the motions of an airplans with
rudder free consist.-of two aperiodic modes and two osclllatory modes.
In sach type of mode, one mode hes a period two to six times the other.
When rolling is neglected, or rolling and sideslip are neglected, the
equations of motlon predict only the oscillatory modes. If rolling,
lateral mobtion of the center of gravity, end rudder moment of inertla
are neglected, only one oscillatory. mode is predlcted. This mode
corresponds to the long-period mode predicted by the general theory.
The yew-stend and free~flight test results (table IT and figs. 9
end 10) indicaebe that this long-period mode is the predominant yewing
motion of the alrplens,
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. All the theories reasonably predict the periods end values of
floating-moment and restoring-moment parameters foir zero damplng
of the rudder-fres lateral oscillatlion. Values of the damping of
the motion predicted by the various theories, however, are not
in sgreoment. (See table II and fig. L.) Neglect of the terms
involving leteral motion of the center of gravity results in an
apprecighle reduction in the predicted velve of the demping of
tho rudder-free lateral oscillation.

Correlation of calculated and ernerimgntg; data.~ Good guali- "
tative agreement In prediction of the R = 0' boundary by theoory &nd
by tesbs is shown in figure 5, which presents a representative
calculated R = 0 Ddboundary and the range of conditions covered
herein. The yawing and rudder oscillations of the airylane as
obtained from yew-stend teets for tests 6, T, 9, and 11 (see table II)

are presented in figure 20(e}.

The data of flgure 4 show that the period of the airplane
yawlng motion obtained In the tesgts ls reamsonsbly predicted by
enyy of the theories considered but that the demping of the
motlon obtained from the tests is in only fair guaelitative
agreepment wlth the theories. The damping obtained in the yaw-stand
tests agrees more closely with the theory neglecting lateral
displacement of the center of gravity and rolling than with the
more complete theories. This result 1s to be expected because
the yaw-stand tests simuleate the restrictlions of the thsories
neglecting rolling and sideslip, and negleciting rolling, sideslip,
and rudder moment of inertia. It would also be expected that the
flight~test results would be predicted best by the meneral theory.
Flight tests, however, were not extensive encugh to indlcate which
theory would predict the ruddsz ~free lateral stability character-
istics in free flight.

From these data it eppears that the theory neglecting rolling,
lateral displacement of the cemter of gravity, and rudder moment
of inextia gives lower values of demping of the rudder-free lateral
osclllaetion than the general theory but can be used to predict,
at least qualiltatively, the cheracteristics of the rudder-free
motion of the airplane.

‘Rudder-Free Stability with Friction

Calculations.~ The results of calculations showing the effect
of friction in the rudder system are presented in teble III.
These ‘data indicate that for same combinetions of restoring-mnment
end floating-moment parsameters & constanb-emplitude yawing
oaclllation will result. This oscilletion consists of a yewing
motion of the salrplane accompanied by & rudder .ogcillatlion.
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The eamplitudes of these oscillations are proportional %o the
emount of friction in the system bub the period is independent of
friction. Figure 8 shows the cowbinations of Chﬂ! and Ch5

which result in this friction phencinenon.

Testg.~ The results of the yow-stand and £light tests
presented in teble III and in figures 9 and 10 show that wibh
friction in the rudder system there is a constent-smplitude
oscillation for a range of restoring-moment and Ffloating-moment
paremeters for which, with.negligible frictiom, there is a
damped oscilletion.

Correletion of celculated and experimental date.- In figures 6
to 8 the results of the tests and oalculations made to evaluste

the effect of friction on the rudder-firee latersl stabllity character-
istics are compered. The data of figure 6 show good gualitative
egreement of the damping results obtalned by tests and by calculations
and indlcate that the theory of reference 2 can be used to predict
the region of constant-~amplitude motion resulting from friction in
the rudder system. TFigures 7 and 8 show that guentitatively the
theory of reference 2 predicts the period of the constant-amplitude
oscillation through the renge of veriables considered but that

the amplitude of the rudder and airplane motions are reasonably
predicted only up to values of friction-moment coefficient of

about 0.015. This value of friction-moment coefficlent is well

above the average friction-moment coefficient of present-day
alrplenes, according to a British summary -of actuel friction hinge
moments of service airplenes. This svumery showed & minimum

friction moment of 1.7 foot-pounds and & maximum of 10.5 foot-pounds.
The average friction moment was k.4t foot-pounds, which corresponded
to & value of Cp, of 0.010.

The date of figure 8 show that the theoretical variation
of the amplitudes of the asirplane yawing motion and rudder motion
with friction is a straight line. The test results, however,
indicate that the amplitudes are not a linear function of friction
but that the rate of increase of amplitude with friction becomes
spaller with increasing friction.

CONCLUSICHNS

The following conclusions are based on the results of an
investigetion conducted in the Langley free-flight tummel to
determine the rudder-free dynamic stability characteristics
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of en airplane model having & rudder with posltive floating
tendencies:

1. For the case of negligible friction in the rudder control
system, it appears that the general rudder-firee stsbillity theory
adequately predicts the periocd and qualltatively predicts the
damping of the rudder-free oscillations for the normal raengs of
alrplane and rudder parameters. If the general theory 1s simplified
by neglecting rolling, lateral displacement of the center of gravity,
end rudder moment of inertia, tho theory still adequately predicts
the period and quantitatively prodicts lower values of damping of
the rudder-free lateral oscillation.

2. The investigntion showed that, with friction 1n the rudder
system, a constant-amplitude oscillnticn exists for a range of _
combinations of positive floating-moment and negative restoring-
moment parameters. A simplified theory approximating solid friction
by en equivalent viscous friction predicts the characterlistics of
the rudder-free latleral stability for valiies of friction hinge-
moment coefficient in the rudder system encountered with present-

day airplanes.

Langley Memorial Aeronauticsl Laboratory
National Advisory Committee for Aeronsunbics
Lengley Fleld, Ve., June 1k, 1946
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TABLE I
MASS, DIMENSIONAL, AND AERODYNAMIC
CHARACTERISTICS OF MODEL TESTED
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TABLE II.~ COMPARISON OF YERIOD AND DAMPING FROM FRED-FLIGHT AND YAW-OTAND TESTS AND FROM CALCULATIONS

[Hegugi'ble friotion in ruddar syuta]
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TABLE ITT.- COMPARISOR (F PERIOD AND DAMPING FROM FRER-FLIGET
AND YAW-STAND TESTS AND FROM CALCULATIONS

[Friction in rudder system]
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Figure 3.- Three-quarter front view of «-;;——sca.le model of modified Falrchild
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